Treponema denticola is an oral spirochete strongly associated with severe periodontal disease. A prominent virulence factor, the major outer sheath protein (Msp), disorients neutrophil chemotaxis by altering the cellular phosphoinositide balance, leading to im- 
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The spirochete Treponema denticola is a key pathogen of the polymicrobial dysbiotic biofilm associated with periodontal disease.
Treponema denticola and other oral spirochetes are a minor component in the gingival plaque of healthy individuals, but they proliferate robustly in the plaque of individuals with periodontal disease. [34] [35] [36] [37] Spirochetes preferentially localize in deep periodontal pockets at the biofilm-tissue interface, [38] [39] [40] in close association with neutrophils. 41 The major outer membrane sheath protein (Msp) of T. denticola is a prominent membrane protein 42 and one of the organism's most wellcharacterized virulence factors. Msp is well known to perturb cell functions and cell-signaling pathways in host cells including neutrophils (for recent review see refs 43 and 44) . Msp is able to upset the effective PIP balance through activation of PTEN and inhibition of PI3K activation, 45, 46 leading to hierarchical inhibition of crucial downstream local neutrophil chemotactic events including selective Rac1 activation and actin cytoskeleton rearrangement. [47] [48] [49] Major outer sheath protein is thought to constitute a channelforming porin, which can exist as one or more high-molecular-weight complex forms. [50] [51] [52] [53] There is also a small central variable region that displays variation between some well-studied laboratory strains, 54, 55 as well as noted heterogeneity in clinical samples. 56 Regions in the N-terminal half of Msp have been reported to mediate binding to extracellular matrix components 54 whereas the C-terminal domain has been reported to possess pore-forming capability. 50 Localization of
Msp within intact spirochetes is controversial as it has been reported that Msp is surface exposed, 53, 57 while others have reported limited surface exposure. 58 Initial studies examining localization of Msp in intact spirochetes suggested that the N-terminal and central V-region are surface exposed; 54 however, a recent study has suggested that Msp has a bipartite architecture, with an N-terminal domain and a C-terminal domain, of which the C-terminal domain is surface exposed. 50 Given the differing thoughts on Msp location, structure, and function, it is clear that there is still much to be understood about the structure and function of Msp.
Despite 
| METHODS

| Murine neutrophil isolation
Murine neutrophil isolation has been previously described. 46 All procedures were approved by the University at Buffalo Institutional Animal Care and Use Committee. Briefly, C57BL/6J wild-type mice (male, 6 weeks old) were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Femurs and tibias were removed and cells were isolated from bone marrow by fractionation into discontinuous Percoll (Sigma, St Louis, MO, USA) gradients (80%, 65%, 55%). Mature neutrophils were isolated from the 80%/65% interface.
| Bacterial strains and culture conditions
Treponema denticola strains used in this study are listed in Table 1 .
Wild-type strains were routinely grown anaerobically at 37°C in New
Oral Spirochete medium (NOS) medium while the Msp mutant strain MHE (gift of Dr. Chris Fenno) was grown in NOS medium containing 40 μg/mL erythromycin. 59 Cultures were examined for purity, typical morphology and enumerated using dark-field microscopy. For bacteria-neutrophil incubation experiments, strains were grown for 3 days anaerobically, washed twice with phosphate-buffered saline (PBS), followed by counting using dark-field microscopy for use in the assay. All Escherichia coli strains were grown in Luria-Bertani (LB) broth with shaking or on LB agar at 37°C with appropriate antibiotics.
| Cloning of the Msp proteins and Msp protein fragments
Bacterial strains and plasmid constructs used throughout this study are detailed in Table 1 . Plasmids previously transformed into the E. coli strain M15 for expression of recombinant Msp, and the N-, V-and C-region proteins have been previously described 54 and were generous gifts from Dr. Howard Jenkinson (The University of Bristol).
Plasmid pET23b, which adds an N-terminal T7 tag (~1 kDa) and a C-terminal six-histidine tag (~1 kDa) to the construct was a gift from Table 2 . Both amplicons were digested with BamHI and XhoI (Thermo) followed by ligation into pET23b. These ligation mixtures were transformed into chemically competent E. coli strain DH5α
and grown on LB plates containing 100 μg/mL ampicillin. The expression plasmids were named p23-OTK, p23-CA and p23-CB, respectively, and were isolated with a Qiagen mini prep plasmid isolation kit following the manufacturer's instructions Qiagen (Germantown, MD, USA). Plasmids were next transformed into E. coli strains for protein expression as follows; p23-CA and p23-CB into strain C41 (DE3) and p23-OTK into strain BL-21 pLysS (DE3).
| Expression and purification of native and recombinant Msp and Msp fragments
Native Msp complex from strain 35405 was isolated as previously described. 52, 60, 61 Briefly, T. denticola cultures (2 L) were grown for 3 days in modified NOS medium. 62 The Msp preparation was highly Recombinant Msp (strain 35405) and the N-, V-and C-regional truncated proteins of Msp from strain 35405 were purified as previously described with minor modifications 54 and the same method was used for recombinant Msp (strain OTK) and the CA and CB protein fragments unless otherwise indicated. The E. coli protein expression strains containing the plasmid constructs (Table 1) were incubated with shaking in 100 mL LB medium containing appropriate antibiotics (ampicillin (100 μg/mL) alone for pET23b The sonicated bacterial lysates were centrifuged 10 000 g for 20 minutes at 4°C to remove cellular debris. Phenylmethylsulfonyl fluoride (100 μmol/l; Sigma) was added to all the resulting supernatants containing the proteins.
All resulting supernatants were incubated with HisPur Ni-NTA Resin (Thermo) according to the manufacturer's instructions.
Briefly, 5 mL of bead suspension was centrifuged at 3500 g for 
| Chemotaxis assays
Quantitation of chemotaxis using a Zigmond chamber has been previously described. 46 Briefly, cells were treated with nMsp, rMsp, N, C or V truncated proteins (30 μg/mL for all) for 30 minutes at room temperature before being resuspended in Hanks' balanced salt solution (HBSS), pH 7.4, with 1% gelatin and allowed to attach to 1% bovine serum albumin-coated coverslips (22×40 mm) at 37°C for 10 minutes.
Coverslips were inverted onto a Zigmond chamber, and HBSS solution was added to the left chamber while 1 μmol/l fMLP was added to the right chamber. Images were taken every 20 seconds for 15 minutes using a Nikon Eclipse microscope E1000 equipped with a Hamatsu camera (model ORCA-ER). Images were analyzed using ImagEJ software and chemotaxis analysis (migration and speed) was performed using the manual tracking and chemotaxis tools in ImagEJ (Bethesda, MD, USA).
Analysis of chemotaxis using transwell assay was performed 
| Rac1 activation assay
To determine the activation state of Rac1 in response to Msp and Msp truncated fragments, G-LISA assays were used following the manufacturer's instructions (Cytoskeleton Inc., Denver, CO, USA) as previously described. 45 Murine neutrophils (1×10 6 cells) were pretreated with Msp proteins (30 μg/mL) for 30 minutes, followed by fMLP stimulation for 1 minutes, washed and lysed. Equal amounts of cell lysate samples were used in the G-LISA assays. Rac1 activation was measured using a luminescence plate reader at 100-ms integration (FlexStation3; Molecular Devices, Sunnyvale, CA, USA).
| Akt phosphorylation analysis
Murine neutrophils ( 1×10 6 
| Malachite green phosphatase assay
The PIP lipid phosphatase activity was determined by measuring the amount of free phosphate released from a synthetic PIP3 substrate using a modified malachite green phosphatase assay as previously described. Devices Corporation) and the amount of free phosphate released was calculated using a prepared phosphate standard curve.
| Statistical analysis
Comparisons between two groups were performed using t tests and PRISM software (version 6, GraphPad Software Inc, La Jolla, CA, USA). Results are based on at least three independent experiments.
Statistical significance was defined as P<.05. Error bars represent the standard error of the mean (SEM).
| RESULTS
| Loss of Msp increases neutrophil chemotaxis toward T. denticola
A key function of the neutrophil is to migrate toward and destroy invading bacterial pathogens. Using a transwell chemotaxis assay, we compared neutrophil migration toward wild-type T. denticola strain 35405 and the Msp mutant strain, MHE. 59 Cells exposed to fMLP to stimulate chemotaxis were used as a positive control. Significantly more neutrophils migrated toward the MHE strain than the wild-type strain ( Figure 1 ). This suggests that the Msp protein plays an important role in limiting neutrophil chemotaxis, through surface exposure on the whole bacterium.
| The C-terminal region of Msp strongly inhibits neutrophil chemotaxis
Truncations of the Msp protein, the N-, V-and C-regions (Figure 2 ), have been studied to identify regions that mediate extracellular substrate binding. 54 To determine the most active region of Msp that inhibits chemotaxis, we purified these recombinant Msp protein regions and full-length recombinant Msp as described previously. 54 Neutrophils were incubated with recombinant Msp proteins or native Msp complex (30 μg/mL) for 30 minutes before exposure to fMLP to promote chemotaxis ( Figure 3) . In a short-term Zigmond chamber chemotaxis assay, neutrophils were exposed to an fMLP gradient for 15 minutes to allow migration. Pre-treatment with the native Msp trimer complex has been shown to impair neutrophil chemotaxis. 46, 48 We show that exposure to recombinant full-length F I G U R E 1 Major outer sheath protein impairs neutrophil chemotaxis in whole bacteria. In a transwell chemotaxis assay, murine neutrophils were exposed to Treponema denticola 35405 wild-type or MHE (Msp mutant) bacteria for 1 h to allow chemotaxis toward the bacteria through a membrane. Cells that migrated across the membrane were fixed, stained with crystal violet, and counted. Neutrophils exposed to the wild-type and MHE bacterial strains were compared with each other, with more neutrophils migrated toward MHE than the wild-type strain. Neutrophils alone and unstimulated with fMLP served as a negative control, whereas neutrophils stimulated with fMLP as the positive control for neutrophil chemotaxis and were compared with each other. Results were normalized to the control +fMLP. ( Figure 3B ). Due to differences in the molecular weight of the recombinant proteins used in this study, differences in the molar dose must be considered. The majority of our experiments were performed using a concentration of 30 μg/mL for each protein, which equates to differing molarities for each protein. However, when transwell chemotaxis assays were performed with all proteins at equal molarities; the overall trend in their ability to impair neutrophil chemotaxis was similar to results obtained using all proteins at 30 μg/mL. Overall, the effect of each protein occurs in a molarity dose-dependent manner, yet individual effects of each protein region remain the same (data not shown).
To confirm involvement of a specific Msp conformational interaction,
we performed this assay with proteins that were denatured by boiling, which restored chemotaxis in response to fMLP stimulation (data not shown). Compared with directed migration towards fMLP characteristic of chemotaxis, there is also a low level of random neutrophil movement observed in migration experiments, therefore we also examined the effect of nMsp exposure on unstimulated neutrophil movement.
Fewer cells migrated through the membrane when incubated with nMsp but unstimulated by fMLP compared with untreated cells (see Figure S2 ).
| C-terminal-specific antibodies block Msp impairment of neutrophils
It has been shown that antibodies directed towards the entire Msp protein are able to prevent Msp-mediated effects. 
| The C-terminal region of Msp alters Rac1 activation
Rac1 is a key signaling component driving neutrophil chemotaxis. 24 Previously, we have shown that nMsp from T. denticola strain 35405 The distance traveled by the cells was measured with ImagEJ and compared with control +fMLP, with cells exposed to the C protein moving less than the other truncations and comparably to the nMsp and rMsp (B) Neutrophils were treated the same as described in A but exposed to fMLP for 1 h in a transwell chemotaxis assay. Cells that migrated across the membrane were fixed, stained with crystal violet, and counted. Results were normalized and compared with the control +fMLP. Fewer cells were treated with nMsp and rMsp, and the C truncation migrated toward fMLP. Graphs represents mean±SEM of three independent experiments (*P<.05, ** P<.01, ***P<.0001, ****P<.0001 by unpaired t test)
Incubation of Msp with a C-terminal-specific antibody blocks the Msp-induced inhibition of neutrophil chemotaxis. Treatment of neutrophils with native Msp that was pre-incubated with 1:50 dilutions of antibodies specific to the N or C regions followed by a transwell chemotaxis assay. The numbers of migrated neutrophils incubated with antibodytreated nMsp were compared with neutrophils treated with nMsp alone. Untreated neutrophils served as the negative control and untreated neutrophils exposed to fMLP served as the positive control to which the results were normalized and compared. Graphs represents mean±SEM of three independent experiments (****P<.0001 by unpaired t test) in increased Akt phosphorylation whereas treatment of cells with rMsp monomer before fMLP stimulation prevented Akt phosphorylation, similar to our previous report for pretreatment with native Msp complex. 46 Concurrent with our data reported herein for Rac1 activation ( Figure 5 ), the C-terminal truncation was most effective at preventing Akt phosphorylation whereas the N-terminal protein was less so (Figure 6 ). Together these observations indicate that rMsp monomer is highly effective at preventing Akt activation, and the most important residues to influence this action may be located within the C-terminal region.
| The C-terminal region of Msp increases lipid phosphatase activity
Phosphatase and tensin is an important regulator of neutrophil chemotaxis, with increased PTEN activity negatively regulating the PI3K pathway responsible for activating chemotaxis. 64 We were interested to see if the reduction in neutrophil chemotaxis observed after exposure to Msp regional polypeptides involved modulation of PIP3 phosphatase activity, similar to that of native Msp. 46 To investigate this, neutrophils were treated with Msp proteins followed by a modified malachite green assay to measure the amount of free phosphate released from a synthetic PIP3 substrate as an indirect measure of phosphatase activity. In this experimental setup, we presume we are primarily measuring PTEN activity, as PTEN is most efficient at dephosphorylating PIP3 in vitro 65 and using both a PTEN chemical inhibitor and specific PTEN immunoprecipitation assay in combination with malachite green assay, we have previously shown that PTEN activity is increased by Msp in neutrophils. 46 As expected, stimulation of neutrophils with fMLP decreased free phosphate release from PIP3, indicating reduced phosphatase activity ( Figure 7) . Exposure of neutrophils to rMsp increased the release of free phosphate from PIP3, similar to our observations for nMsp. 46 Furthermore, treatment of neutrophils with the N-terminal region did not increase the amount of free phosphate released, while treatment with the C-terminal region resulted in almost three-fold more free phosphate released compared with the control (Figure 7 ).
Overall, these results indicate that rMsp and the C-terminal region 
| The first half of the C-terminal region displays neutrophil inhibitory action
So far, treatment with the C-terminal region has had the strongest impact of the three regions tested on both reducing neutrophil chemotaxis and limiting the signal pathway regulating this function.
We were interested to see if we could identify a more specific region of the C-terminal region of Msp that alters neutrophil response. To preliminary narrow down a target region, we further cloned and 
| Sequence variation in Msp alters the impairment of neutrophil chemotaxis
It is known that there is sequence variability between strains of T. denticola, including that of Msp. 55, 56 We were interested to see if this sequence variation in the Msp protein would be enough to have an altered functional effect on chemotaxis. To investigate this, we cloned and expressed the Msp protein from T. denticola strain OTK, which differs significantly in the sequence throughout the protein, including in the C-terminal region. 55 The OTK rMsp protein reduced chemotaxis significantly more than both 35405 rMsp monomer and native
Msp complex ( Figure 9A ) and also resulted in a stronger inhibition of Akt phosphorylation ( Figure 9B and C) . Together, these results indicate that rMsp from strain OTK has a stronger effect on neutrophil function. As OTK is known to have significant sequence differences throughout the protein, including the C-terminal region, compared with strain 35405, this result could be expected and further supports the notion of protein sequence variation and topology affecting pathogenic interaction with neutrophils. Native Msp in T. denticola has long been thought to exist as a membrane-spanning β-barrel protein, which forms a trimeric complex associated with the protease dentilisin, in the bacterial membrane, 51, 73, 74 but the exact topology and conformation of Msp is controversial.
| DISCUSSION
More recently, it has been reported that Msp can exist as both distinct membrane-associated and periplasmic trimer complex forms and these forms may have distinct physical properties. 50 Western blots of cells lysates were probed with α-pAkt and α-total Akt, with α-β-actin as an additional loading control as described in Figure 6 .
(D) Densitometry analysis of Western blots was performed with ImagEJ comparing pAkt to Akt. Results were normalized to Akt with the control+fMLP set to 1. Graphs represents mean±SEM of three independent experiments (*P<.05; **P<.01; ***P<.001; ****P<.0001 by unpaired t test) the C-terminal domain (amino acids 332-543) is surface exposed. 50 These discrepancies may be due to differences in antibody specificity, antibody and protein accessibility, and the techniques used to examine localization. Our data herein comparing neutrophil chemotaxis following exposure to wild-type or Msp mutant strains (Figure 1 ) indicate that Msp in the native state with presumed surface exposure in intact organisms plays a significant role in modulating neutrophil chemotaxis.
Likewise, we have previously reported that a strain lacking Msp was less able to alter the host actin cytoskeleton of fibroblasts 45 and epithelial cell migration is increased following exposure to an Msp mutant strain. The msp gene displays interstrain variability 55 with fMLP as controls, followed by a transwell chemotaxis assay as described in Figure 3. (B) Treatment of neutrophils with rMsp from 35405 and OTK followed by lysis and assessment of pAkt levels as described in Figure 6 . Representative Western blots of cells lysates were probed with α-pAkt and α-total Akt, with α-β-actin as an additional loading control. (C) Densitometry analysis was performed with ImagEJ comparing pAkt to Akt. Results were normalized and compared to Akt with the control+fMLP set to 1. Graphs represents mean±SEM of three independent experiments (*P< 0.05, **P<.01 and ****P<.0001 by unpaired t test)
3′ ends have only 64% identity. has been reported, it has been shown that strain OTK displays less dentilisin protease activity. 81 Here we demonstrate that OTK Msp appears to be able to impair neutrophil migration through impairment of PIP3 levels more effectively than 35405 Msp, measured indirectly by downstream Akt activation ( Figure 9 ). We postulate that this could be the result of direct sequence differences in potential crucial active regions within the C-terminal region of Msp, which we predict plays an active role in neutrophil interaction. Alternatively, the difference in amino acids could alter the topology and structure of the protein. region of Msp appears to use a similar mode of action. Whereas all the regional truncated proteins were able to impair neutrophil chemotaxis in response to fMLP to some degree in both types of chemotaxis assays tested and prevent Rac1 activation, the C-terminal region was significantly more effective ( Figure 5) . A contribution by the N-and V-regional sequences in these processes cannot be completely ruled out by our studies, but the fact that only the C-terminal protein was able to increase PIP3 phosphatase activity ( Figure 7 ) and that Mspmediated impairment of neutrophil chemotaxis can be reversed by exposure to a C-terminal antibody indicate that this region contains crucial sequences involved in neutrophil interaction.
Denaturation of the C-terminal protein by boiling significantly increased neutrophil Rac1 activation compared with the non-heated C-terminal protein, but this treatment was only partially able to restore Rac1 activation (~33%) when compared with control fMLP stimulation alone ( Figure 5 ). Although heat denaturation of native Msp complex has been reported to almost completely restore host cell interactions such as chemotaxis in neutrophils, 48, 49 collagen binding and calcium signaling responses in fibroblasts, 60, 61 and adherence to host cells; 74 heat denaturation of the native Msp complex is only able to partially restore Rac1 activation in neutrophils 48 to levels that are similar to those of the recombinant C-terminal region. Overall, this indicates that heat-sensitive conformational specificity is important in the specific interaction of Msp with neutrophils; however, the ability of the heat-denatured C-terminal protein to retain inhibitory action towards neutrophils also suggests that primary amino acid sequence specificity may also be crucial in these interactions. Specific amino acid sequences within a region of a Klebsiella pneumoniae porin are involved in interaction with complement proteins, while specific amino acids of a Haemophilus influenzae porin are key to activating mitogen-activated protein kinase pathways and cytokine release. 82 Furthermore, spirochete outer membrane proteins including Msp may have unique β-barrel structure and composition, with differing heat modifiability properties compared with classical outer membrane proteins, 50 so we can speculate that less heat-sensitive linear motifs or unstructured protein regions 83 may contribute to specific Msp-neutrophil interactions.
Although we have previously shown using specific PTEN inhibitor and immunoprecipitation assays that Msp specifically activates PTEN to disrupt the local PIP3 concentration to impair neutrophil chemotaxis, 46 in this report we cannot rule out the contribution of other lipid phosphatases to the PIP3 phosphatase activity changes that we observe. For example, the 5-phosphatase SHIP-1 can also dephosphorylate PIP3 and is known to coordinate with PTEN to control PIP3 signaling and chemotaxis, particularly during adhesion. 31 Future work will examine other phospholipid metabolism pathways in neutrophils that are manipulated by T. denticola.
In summary, this study has led to the novel observations that (i)
sequences within the C-terminus of Msp contain important regions responsible for inhibiting chemotaxis, (ii) this interaction can be blocked only with antibodies specific to the C-terminal region, (iii) C-terminal Msp impairs PIP3 levels and Rac1 activation similar to the native Msp complex and (iv) msp sequence variation among strains may contribute to differences in pathogenic properties. Further experiments are still required to identify the specific essential region of Msp that alters neutrophil functionality, including assessment of overlapping protein regions and analysis of smaller protein regions.
Knowledge of how T. denticola, an understudied oral pathogen, uses specific virulence factors to manipulate neutrophil function to evade the immune response is a crucial first step in the development of potential therapeutics to improve oral health.
